The intestinal wall can be visualized using high resolution transabdominal ultrasound (TUS). TTUS measurement of the bowel wall thickness has been described in adults but data are lacking in children. The purpose of this prospective study was to sonographically investigate bowel wall thickness in healthy children and children with Crohn's disease. Material and methods: TUS (5-15 MHz) of the intestine was performed in 58 healthy children (age range 3 to 16 years) and in 30 children with Crohn's disease (age range 8 to 17 years). The following regions were assessed and bowel wall thickness measured: terminal ileum, cecum, right flexure, and sigmoid colon. In patients with Crohn's disease, the involved region was additionally assessed regarding length of involved segment and sonographic signs of transmural inflammation and fistula.
Introduction
The intestinal wall can be visualized using high resolution transabdominal ultrasound (TUS) [1] [2] [3] [4] [5] [6] [7] [8] . TUS measurement of bowel wall thickness (BWT) has been described in adults but data are lacking in children.
Standards for normal BWT in adults have been established by computed tomography (CT) [9, 10] and ul-trasonography [11, 12] . Sonographically measured mean BWT in adults ranges from 1 to 3 mm in the small bowel to 1 to 5 mm in the colon [11] [12] [13] (table I) .
The aim of this prospective study was to sonographically evaluate the normal range of BWT in healthy children (HC) and to assess BWT and sonographic signs of disease activity and complications in children with established diagnosis of Crohn's disease (CD).
Material and methods

Patients and controls
In the present study, 58 HC (27 male, 31 female, mean age±SD 11±4 years) and 30 patients with CD and involvement of the ileocecal region with or without rectal or colonic involvement (9 male, 21 female, 13±2.7 years) attending our outpatient clinic were primarily enrolled during a six-month period. The diagnosis of CD was based on clinical, endoscopic, histological, radiological and operative findings. Patients with other than ileocecal involvement were not included. Of the 30 patients with CD, 7 had clinically inactive disease and 23 complained about disease specific symptoms. In all patients and HC informed consent was obtained by parents or guardians. Institutional board approval was obtained.
Ultrasound examination
The evaluation of the bowel wall was performed by one investigator (CFD) in all patients under standardized conditions. The ultrasound method was described and validated in detail in adult patients [4] . Patients were scanned in supine position, preprandially at least 6 hours after the last meal, using 5-15 MHz curved array and linear transducers (Siemens Elegra, Erlangen, Germany. Acuson Sequoia, Siemens Erlangen, Germany). The different intestinal segments (terminal ileum, cecum, right flexure and sigmoid) could be identified in all patients. Measurement of BWT was performed ventrally in a relaxed and, therefore, not contracted bowel wall segment under mild compression. Overall thickness of the bowel wall was measured just above air from the first mucosal interface including the whole bowel wall [4] . Identifying the air might be a difference to the method used by Haber et al [14, 15] . The layer structure was examined according to Meckler et al [6, 7] .
In addition, in patients with CD, the length of the involved segment (LoiS) was estimated and ultrasound signs of fistula and occurrence of free peritoneal fluid were recorded. Briefly, transmural inflammatory reaction (TMR) was recognized as transmurally extending areas with reduced echogenity and loss of normal bowel wall layer stratification, caused by cellular and edematous tissue infiltration [4, 16] . A fistula was defined by transmurally located circumscribed bright air echoes, permeating the bowel wall within areas of inflammation [17] [18] [19] .
Additionally, in all HC a thorough sonographic examination of the liver, gallbladder, common hepatic bile duct, pancreas, spleen, kidneys, and adrenal glands was performed in a standardized procedure [4, 20, 21] .
Statistical anlysis
Demographic, clinical and sonographic characteristics of patients were expressed as mean ± standard deviation (SD). The minimum and maximum values of the measurements are in bracket squares. Correlations between test results and presence of disease were tested by chi-square or Fisher's exact test and p<0.05 was considered statistically significant.
Results
All HC and CD patients even in the young ages tolerated the transabdominal ultrasound investigation of the bowel without objection. TUS allowed adeaquate measurement BWT in all 58 HC (100%) and all 30 CD (100%).
Bowel wall thickness in healthy subjects
BWT was less then 2 mm in all HC in all bowel segments. In detail: 1.0 ± 0.1 [0.9 -1.2 mm] mm in the terminal ileum, 1.1 ± 0.1 [1.0 -1.3 mm] mm in the cecum, 1.1 ± 0.1 [0.9 -1.3 mm] mm at the right flexure, and 1.3 ± 0.1 mm [1.2 -1.7 mm] in the sigmoid, respectively (table II) (fig 1) .
Bowel wall thickness and additional findings in patients with Crohn's disease
In all 30 CD patients, BWT was significantly increased as compared to HC (5.1±1.9 [3.0-10] mm versus Only studies using transabdominal ultrasound are included. Those trials using endoscopic ultrasound [44] [45] [46] [47] [48] , hydrocolon ultrasound [49] , in vitro measurements [50] or postmortem examination [51, 52] The ultrasound appearance of the bowel wall layers in the ileocecal region was accentuated in 15/30 cases and lost in 6/30 patients. In 9/30 patients with BWT <4 mm the bowel wall layer structure was preserved.
The presence of a TMR, representing a preliminary stage for fistula development in Crohn's disease, was detected in 3/30 CD patients (fig 3) . In 5/30 CD patients fistula were detected; 3 interenteric fistula, one gastrocolic fistula, and one vesicoenteral fistula. Free fluid was found in 4/30 CD patients. TUS findings are presented in table III.
Spearman Rank correlation of bowel wall thickness and CDAI in children with Crohn's disease revealed a weak but significant association between BWT and activity index (r=0.4; p<0.04) (fig 4) . By normal standards, the association between the two variables would be considered statistically significant.
Discussions
The intestinal wall can be visualized using high resolution TUS in healthy adults and children. The development of high resolution ultrasound transducers has facilitated the identification of the different layers of the bowel wall [6, 7, 14, 15] . Linear transducers are preferable over convex probes due to the higher resolution. In some children convex probes have to be used due to anatomical reasons.
Values for TUS measured BWT are comparable for children as for adults. Differences to other published results might be explained by the method used. We require air bubbles to delineate and define the ventral luminal border of the mucosal wall layer and apply dosed compression for improved reproducibility which was not a described criterion in other studies [14, 15] . Comparing our data in children to those in adults from our previous studies (table II) , age dependent differences in BWT were not obvious, but a trend was reported by Haber et al [15] . MacSweeney et al [22] examined 38 healthy subjects (age range, 1 month to 39 years) and found that the maximum colon wall thickness was 0.8 mm. Haber et al [15] performed TUS of the small bowel and the colon in 128 subjects (age range, 3 days to 40 years). They found that BWT increased significantly (p<0.0001) with age, reaching a maximum colon wall thickness of 2.0 mm at the age of 20 to 29 years. In the ileum, maximum bowel wall thickness reached 1.5 mm at the age range of 10 to 14 years. Haber et al [14] also sonographically evaluated 46 healthy patients (22 females) with a mean age of 17 (SD 11.3) (median 13; range 0.4-40) years. Maximum thickness of the wall of the small intestine was 1.5 mm and maximum thickness of the colon wall was 1.9 mm. There was a slight, but significant (r =-0594; p<0.001) increase with age. Dialer et al [23] sonographically evaluated bowel wall thickness at the level of terminal ileum, cecum, ascending and descending colon in 31 healthy probands (mean 13.3 years, range 0.7-32), representing a control group for their study evaluating bowel wall thickness in patients with cystic fibrosis. Mean wall thickness depending on the intestinal segment was 1.1 to 1.3 mm (SD 0.19 -0.23). Robinson et al [24] performed ultrasound measurements in 13 healthy infants with an average age of 7.3 months, and found a mean distal ileum wall thickness of 2.0 mm.
Summarising published data normal values of BWT differ between methods of measurements with a wide range, from 1 up to 5 mm [23, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Using ultrasound, values ranging from 1.5 mm to 3 mm for the terminal ileum and <2 mm for the colon have been suggested as normal in various reports [35] . In our experience, values for normal intestinal thickness measured by TUS are even lower, being less than 2 mm in all small and large bowel segments when examined with mild compression. These results have been confirmed in the literature [25] , and may be due to the examination technique (especially mild externally exerted compression), equipment and frequencies used [1] .
Measurements by CT in adult controls show values for normal BWT of 1-2 mm when the lumen is well distended [36] [37] [38] . Data on normal BWT measured by CT in children are lacking. On MRI, BWT of more than 3 mm is considered pathologic in the pediatric population [39] .
When assessing BWT using ultrasound, values can be lower than by using other imaging techniques due to the measurements under mild compression [1] . Bowel wall thickening is not a pathognomonic finding in inflamma-tory bowel disease. A large spectrum of other intestinal diseases can also lead to thickening of the bowel wall, infectious, vascular, or neoplastic conditions should also be considered [11, 14, 40, 41] .
TUS is a useful examination technique to determine morphological alterations of the bowel wall associated with active CD compared to HC [12, 42] . In contrast to endoscopic procedures, which are generally restricted to the evaluation of the mucosal surface, ultrasonography is able to confirm transmural inflammatory activity [4] . In addition, it could be shown that routinely performed ultrasonography of the abdomen reveals pathological findings with therapeutic implications not only in symptomatic but also in asymptomatic patients with Crohn's disease [4] . As endoscopic techniques in children usually require deep sedation, the non-invasiveness of the TUS not even requiring bowel preparation is intriguing.
In adults, attempts have been made to correlate wall thickness with disease activity particularly Crohn's disease activity index (CDAI); the results have been summarized [43] . In a large series of 255 patients, it was evidenced that wall thickness is significantly higher in CD compared to normal (4.9+/-2.7 mm versus <2.0 mm) and greater in active (CDAI >150) than in inactive disease (CDAI <150): 5.8+/-2.9 mm versus 4.3+/-2.2 (p<0.0001)) [4] . In a smaller unpublished trial including 92 consecutive adult patients a weak but significant association (correlation) of BWT with the CDAI was found (R s :0.44, p<0.00001) [43] . In our study, a weak but significant association between BWT and activity index could also be seen in children.
Ultrasound has been used as screening procedure in adults to evaluate the bowel wall and extraintestinal manifestations in inflammatory bowel diseases [20] but data are still lacking in children. Ultrasound has also proven to be of value in similar diseases compared to inflammatory bowel diseases [1, 2, 21, 43] .
In conclusion, ultrasound is a valuable tool for the quantitative assessment of normal and pathological BWT in children. In HC, the normal bowel wall is less than 2 mm in the terminal ileum and throughout the colon. In children with CD, the BWT is increased, often even in quiescent disease.
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